In the field of robot research and application, improving the interaction performance between robots and the environment is the basic requirement of robot control. Hence, the position/force control problem needs to be solved. However, in practice, the model of the robot is usually inaccurate, and the working environment is usually uncertain. To solve the position/force control problem of the robot when the model and position are uncertain, a new method of impedance sliding mode control with adaptive fuzzy compensation (ISMCAF) is proposed. The dynamics of the robot are governed to follow a target impedance model and the interaction control objective is achieved. According to Lyapulov's theory, sliding mode control law and adaptive control law are designed to ensure the stability of the closed-loop system. The proposed method is further verified by simulation.
I. INTRODUCTION
Nowdays, one of the important jobs of robots is to handle contact tasks, including grinding, assembly, deburring, and so on [1] , [2] . In addition, the uncertainties from plant model or environment bring challenges to robot control. Therefore, a unified control strategy of position/force is needed as a way of completing such contact tasks [3] .
At present, there are several methods for position/force control of robots. The first is hybrid force/position control. The principle is to decompose the motion of robots into position control subspace and force control subspace, and then control them separately [4] . Position control is adopted in the unconstrained direction, and force control is adopted in the constrained direction. However, the structure of the controller depends on the dynamics and kinematics of the robot and the environment. When the robot moves between different confined spaces, the structure of the controller must be adjusted according to the contact state to avoid the non-contact system nonlinearity. Kiguchi and Fukuda, for objects with uncertain geometrical shape, used neural networks to achieve hybrid force/position control [5] . Baigzadehnoe control of cooperative manipulator [6] . The second is impedance control. The principle is to consider the manipulator and environment as a unified system, and establish the impedance relationship between force and position. Compared with hybrid force/position control, impedance control may lack accuracy in tracking position, but no switching process is necessary for contact and non-contact task [7] - [9] . Seraji and Colbaugh implemented impedance control to achieve force tracking [10] . The last is intelligent control, which includes adaptive sliding mode control [11] , adaptive fuzzy sliding mode control [12] , [13] , fuzzy-approximation adaptive backstepping control [14] , adaptive neurocontrol [15] , and so on, are usually the comprehensive application of several control methods. The advantage is that the dependence on the model is not strong.
To control the robot, solutions are called for the tracking problem of position and force, and impedance control plays an important role in solving such tasks. Seul proposed a new impedance control method [16] , which needs not accurately establish the dynamic model of the end of the robot, and an estimation model can be given. To eliminate the uncertainty of the dynamic equation, Seul also proposed a method of using the moment compensation value of the previous position point to act on the next position point [17] , [18] . For achieving the flexible control of the manipulator, Jin et al. synthesized impedance control, time delay estimation method, ideal velocity feedback and inertia matrix estimation, and got satisfactory results [19] . Duan et al. uses variable impedance method to achieve the control purpose for force tracking when environmental parameters are unknown [20] . Dong Yiting and Ren Beibei estimated the uncertainties and disturbances, and realized the variable impedance control of the robot [21] . The above methods do not compensate for the trajectory by changing the impedance coefficient. Other strategies include: adaptive impedance control [22] , adaptive neural impedance control [23] , and impedance learning control [24] , [25] . Although the above methods can achieve high-precision force tracking and position tracking, the debugging parameters should be calculated strictly or the system stability will be seriously affected. Furthermore, recent studies have shown that it is difficult to enhance the robustness of modeling errors without losing the accuracy of obtaining the desired impedance. This is known as the ''accuracy/robustness dilemma'' in impedance control [26] - [28] .
After obtaining the required impedance parameters, there are several ways to apply the required impedance model to the robot arm. A widely used method is to design an inner position control loop in conjunction with an outer force control loop. This strategy calls for robotic systems to be designed for position controlliing, including almost all industrial robots. In this strategy, the force control loop is used to determine the desired virtual trajectory. The position control loop then tracks the desired trajectory of the virtual service and the control target trajectory. As sliding mode variable structure control has some invariance or complete robustness to external disturbances and parameter changes, it is very beneficial for robot control and can weaken the influence of load changes or random disturbances on system control performance. To reduce the high frequency jitter caused by sliding mode control, scholars have studied many methods, such as integral sliding mode method [29] , observer method [30] , neural network method [31] , and fuzzy method [32] , and yielded remarkable results. The adaptive fuzzy compensation sliding mode control is designed for compensating the modeling errors and uncertain disturbances automatically. Although sliding mode control has a lot of advantages, it has the problem of not being able to track force.In most cases, contact forces can describe the nature of the interaction. Typically, a force/torque sensor is mounted between the wrist and the end to obtain contact force. The robot with sensors has the ability to control force. Force tracking control under unstructured environment research method can be summarized as: (1) adjusting the impedance parameters. The basic idea is based on force feedback information to adjust impedance model parameter, using the impedance of the adjusted model to implement force tracking [20] , [21] .
(2) compensating the error of trajectories. The basic idea is to achieve the goal of force tracking through the trajectory error compensation in the control strategy. The main methods include function approximation technique [33] - [35] , differential equations as universal approximation [36] , differential equations for uncertainty estimation [37] , Legendre polynomials for uncertainty estimation [38] , Fourier series expansion [39] . Generally, adaptive fuzzy logic system has the ability of approaching a nonlinear system, which has been widely applied in the field of robot control [40] , [41] . For example, estimating the dynamics of unknown systems [42] , compensating for the effect of external disturbances and dynamics uncertainties [32] , and identifying the uncertain plant model [42] . In this paper, We also choose the adaptive fuzzy logic system as the trajectory compensation method, because it is simple and widely applied.
The position/force control of robots with uncertainty model and unstructured environment is the main focus of this paper. On the basis of the above analysis and discussion, a new method of impedance sliding mode control with adaptive fuzzy compensation is proposed. Impedance control is adopted in the outer loop, and the hybrid control of position/force is realized indirectly by establishing the dynamic relationship between position and force. In the inner loop, sliding mode control is used to solve the problem of uncertain robot model and unknown environmental parameters. However, due to chattering caused by sliding mode gain switching, an adaptive fuzzy logic system is introduced to solve the problem. Therefore, we believe that this paper has the main contributions in the following:
(1) In order to facilitate the position/force tracking impedance control of the robot system, a double closed-loop control structure is proposed, that is, the outer loop for force impedance control and the inner loop for position tracking control.
(2) In the outer loop, we implement impedance control to make the contact force between the end of the robot and the environment show compliance, and generate the virtual desired trajectories.
(3) In the inner loop, sliding mode control is applied to solve the unknown parameters and dynamic uncertainties. Then, the adaptive fuzzy logic system is used to obtain the value of sliding mode switching gain. This paper includes the following contents. In Section 2, the system model is introduced, including kinematics model, dynamic model and contact model. In Section 3, the details of the proposed algorithm are presented. In Section 4, simulations with different control objectives are conducted to verify the feasibility of the proposed method. In Section 5, concluding remarks are given.
II. SYSTEM MODEL A. KINEMATIC MODEL
The kinematics equation of the robot is:
Among them, X (t) ∈ R m is the position in taskspace, which is expressed by x later; q ∈ R n is the position of joint angle. φ(q) is a positive kinematic function. Formula (1) is differentiated to obtain the velocity vector at the end of the robot:Ẋ = Jq (2) where J ∈ R m×n is Jacobian matrix. Formula (2) is differentiated to obtain the acceleration vector at the end of the robot:
From formula (1)-(3), the relationship between joint space velocity and acceleration can be obtained:
where J † = J T (J J T ) −1 represents the pseudo-inverse of Jacobian matrix J , and ν is any vector. In this paper, we take the minimum norm solution, at this time ν = 0.
B. DYNAMIC MODEL
Considering a rigid n-joint robot, its dynamic characteristics are as follows:
Among them, τ ∈ R n is the joint torque vector applied by the actuator, M (q) ∈ R n×n is the symmetric positive definite inertia matrix, C(q) ∈ R n×n is the Coriolis force and centrifugal force vector, G(q) ∈ R n is the gravity vector, F e is the external force.
From the formula (2)-(6),we can get:
Then:M
whereM is the estimated value of M (q). f is an uncertain term and the expression is:
The contact between robot and environment includes two stages: free space and contact space. In the free space, the contact force is 0; in the contact space, the magnitude of the contact force is related to the relative displacement, relative velocity, stiffness and damping of the contact surface. Definition error:
where B e and K e represent the damping and stiffness of the contact surface respectively, F e represents contact force,and X represents relative distance. When X > 0, Figure 1 , the following control strategy is taken. F e is measured by a six-axis force/torque sensor installed at the end of the robot, and q is measured by an angle encoder installed on the robot body.
III. CONTROL SYSTEM DESIGN

As shown in
A. IMPEDANCE CONTROL
In the impedance control model, the control objective is to track an ideal given trajectory with a balanced trajectory. The following impedance equation can be established: (11) Here, X d is the given trajectory, X c is a balanced trajectory, and F d is the expected contact force.
Then:
Here, X c (0) = X d (0) andẊ c (0) =Ẋ d (0). Among them, M d , B d and C d are positive definite matrices, which are the inertia, damping and stiffness matrix of the expected impedance model respectively. The diagonal elements of these expected impedance model matrices describe the mechanical characteristics required in the contact process of the robot, and can be selected accordingly by the given operation tasks.
B. SLIDING MODE CONTROL
Let X c (t) be the ideal trajectory in the taskspace,Ẋ c (t) and X c (t) are the ideal speed and acceleration respectively.
the position error is selected as:
The sliding surface can be defined as:
Defining the reference state of the robot as:
where λ is a positive definite matrix.
The controller could be designed as:
Define Lyapunov function:
From the formula (13) (15), we can obtain:
Then together with the fomulars (13) (19), we can get:
In sliding mode control, the process can be divided into two processes. One is close to the sliding surface,and the other is the sliding state. The switching frequency of sliding mode control limits the time of approaching the sliding mode surface. A is a sliding mode controlled slope. If the slope is large, the system will be more stable, but it will take a long time for the system to reach the equilibrium point. When the slope is very small, the system can reach the equilibrium point quickly, but the stability of the system is awfully poor. Therefore, using the characteristics of fuzzy logic, the switching gain can be updated online to eliminate the jitter of sliding mode system.
C. ADAPTIVE FUZZY CONTROLLER DESIGN 1) DESIGN OF ADAPTIVE LAW
The adaptive fuzzy control is to design the parameter adaptive law of the fuzzy system, so that the parameters can be adjusted automatically with the change of the parameters of the controlled object, in order to achieve the objectives of the control system. Lyapunov function is used to set up adaptive control law to ensure the stability of the system. The control law is as follows:
Among them, f is the estimated value of f , which is compensated by adaptive fuzzy logic system, here f = [ f 1 · · · f i · · · f n ], and f i are the output of the ith fuzzy system. Define:θ
The adaptive law is as follows:
Combining formulas (8) and (20), we can get:
Then:V
As:
Then: VOLUME 8, 2020 According to the universal approximation theorem, there exists ω i > 0 and a small positive real number γ i :
where 0 < γ i < 1. Then:
According to the analysis of formula (23), it can be assumed that the fuzzy system is composed of N fuzzy rules, and the expression of rule I is as follows: i = 1, 2, · · ·, N R i : IF x 1 is µ i 1 and · · · and x n is µ i n then y is B i (i = 1, 2, · · ·, N ) µ i j is the membership function of x j (j = 1, 2, · · ·, N ).
where α is the center of membership function, σ is the width of membership function. Then the output of the fuzzy system is:
IV. SIMULATION STUDY
In this chapter, simulations are designed to verify the proposed control algorithm and its performance. The simulations include a series of typical application scenarios, covering most of the actual situations. The simulations are conducted in the Matlab/Simulink environment. The robot model and the object contact model are obtained in Part 2, and the parameters are shown in table 1. For simplicity, the simulation assumes that contact exists only in the Y direction, and subsequent simulation results show the contact forces, control signals and sliding mode gain values of the first three joints. The control block diagram is shown in Figure 1 . The main content include sliding mode control based on adaptive fuzzy compensation(SMCAF, [33] ), adaptive variable impedance control(AVIC1,proposed by Seul et al. [17] , and AVIC2, proposed by Duan et al. [20] ) and impedance sliding mode control based on adaptive fuzzy compensation(ISMCAF, the proposed method in this paper). The interference is not considered.
The basic parameters are as follows: Initial position: (1.10, −0.150, 0.645). Initial attitude angle: (0, 0, 0); Impedance coefficient: ([1, 1, 1, 1, 1, 1]) ; [30, 30, 30, 30, 30, 30] ); K d = diag([10, 10, 10, 10, 10, 10]).
Sliding mode parameters:
A = diag( [20, 20, 20, 20, 20, 20] ); λ = diag([400, 400, 400, 400, 400, 400]).
Fuzzy parameters:
Desired force:
Inertial matrix estimates are: ([1, 2, 2, 0 .01, 0.01, 0.01]).
A. FORCE/POSITION TRACKING ON PLANES
When the contact surface is plane, the location of the environment X e are selected:
X e = 0,Ẋ e = 0, X e = −0.130. In order to achieve better results, the starting point of the end of the robot is not in contact with the environment. The damping and stiffness coefficients of the environment are as follows:
B e = diag([0, 2, 0, 0, 0, 0]); 0 < t ≤ 2, K e = diag([0, 1000, 0, 0, 0, 0]); 2 < t ≤ 4, K e = diag([0, 3000, 0, 0, 0, 0]); 4 < t ≤ 6, K e = diag([0, 5000, 0, 0, 0, 0]); t > 6, K e = diag([0, 7000, 0, 0, 0, 0]). Figure 2 and Figure 3 show the position tracking trajectory and error results of the above four control methods. Both of them can track a given trajectory. Due to the robust sliding mode control adopted, the error of SMCAF and ISMCAF is relatively stable, which hardly changes with the change of environmental stiffness, indicating that the environmental contact force has little influence on the control result. For AVIC1 and AVIC2, the error changes with the change of environment parameters, due to the adjustment of impedance control parameters according to the environment. Figure 4 shows the force tracking results;Because SMCAF only considers track trajectoies, it does not track contact forces. ISMCAF, AVIC1 and AVIC2 can track contact forces, among which ISMCAF has the best stability, and the contact forces do not mutate when the environment changes. And AVIC2 even causes jitter, which affects the stability of the robot. Figure 5 , Figure 6 and Figure 7 show the change of joint torque in the simulation process, from which it can be seen that SMCAF and ISMCAF are significantly better than AVIC1 and AVIC2. Figure 8 indicates the value of sliding mode switching gain. 
B. FORCE/POSITION TRACKING ON SLOPE SURFACE
When the contact surface is plane, the location of the environment X e are selected:Ẍ e = 0,Ẋ e = 0.01, X e = −0.130 + 0.01t.
In order to achieve better results, the starting point of the end of the robot is in contact with the environment. The coefficients of the environment are as follows: B e = diag([0, 2, 0, 0, 0, 0]); K e = diag([0, 1000, 0, 0, 0, 0]).
The purpose of this simulation is to verify the performance data of the four control algorithms when the robot moves in a slowly changing slope. As shown in Figure 9 and Figure 10 , SMCAF and ISMCAF have good position tracking performance and small overshoot. For tracking errors, AVIC1 and AVIC2 are poor, because force tracking is the main consideration in designing control strategies, which is also related to parameter setting. As shown in Figure 11 , ISMCAF, AVIC1 and AVIC2 are all able to track a given reference force, with ISMCAF having the best stability and the last two algorithms having the smallest error. Figure 12 , Figure 13 and Figure 14 show the control signal of robot joint torque under this condition. Figure 15 indicates the value of sliding mode switching gain.
C. FORCE/POSITION TRACKING ON SINUSOIDAL SURFACE
When the contact surface is plane, the location of the environment X e are selected: X e = −0.01sin(t),Ẋ e = 0.01cos(t), X e = −0.130 + 0.01sin(t).
The purpose of these simulations is to test the robustness of the four methods for positon tracking and force tracking of complex surfaces (sinusoidal surfaces as an example). Figure 16 and Figure 17 show the position tracking results and their errors. All of the four methods can achieve good results. Figure 18 shows the force tracking results. The contact force of ISMCAF is the most stable. Figure 19 , Figure 20 and Figure 21 are the joint torque control signals, from which it can be seen that AVIC1 and AVIC2 even appear severe vibration. The simulation results show that ISMCAF has good robustness. Figure 22 indicates the value of sliding mode switching gain. 
D. RESULT ANALYSIS
From the above three groups, we can draw the following conclusions. First, all of the four control methods enable the robot to track a given trajectory; if appropriate parameters are set, satisfactory tracking effect can be achieved. Secondly, since SMCAF and ISMCAF introduce slide-mode control to improve robustness, and adopt adaptive fuzzy logic system to compensate trajectory error, their overshooting is minimized. The joint torque control signal is very stable under various working conditions. Thirdly, in the control algorithm SMCAF, the contact force cannot be tracked because the compliant control of force is not considered. Finally, since AVIC1 and AVIC2 mainly focus on the tracking of contact forces when designing control strategies, their force tracking effect is the best, but the setting of impedance parameters should be taken into account when using them, otherwise the system will be unstable.
The simulation results show that the proposed control method can help achieve a good tracking effect in both uncertain environments and uncertain models. 
V. CONCLUSION
Aiming at the position/force control problem of the robot when the model and position are uncertain, this paper proposes a new method of impedance sliding mode control based on adaptive fuzzy compensation. The merit of this method is that it does not rely on the model of the robot and the contact environment, but also adapts to a variety of working conditions. The effectiveness of the algorithm is proved by a series of simulations. The future work is to develop a real experimental platform for robots, and to verify the algorithm strictly. This is also the focus and direction of our work.
